Objective. The aim was to explore the agreement between 1.0 T MRI and conventional radiography (CR) to detect progression of hand OA over 5 years and the associations between structural progression and incident joint tenderness.
Introduction
Conventional radiographs (CRs) are currently the imaging modality of choice for evaluation of structural disease progression in hand OA [1] . In recent years, MRI has been introduced as a promising tool to detect both structural and inflammatory features of hand OA [2] . Previous cross-sectional studies have demonstrated better sensitivity of MRI to detect structural features, such as osteophytes and erosions, compared with frontal CR [35] , most probably because of its multiplanar demonstration of joint features.
Hand OA is a slowly progressing disease, although individuals with erosive hand OA may experience a faster progression [6, 7] . Currently, no disease-modifying OA treatment exists, giving us the opportunity to study the natural disease course of OA. Although most previous studies have been performed in knee OA, there has been an increasing interest in hand OA, and clinical trials are ongoing (https://clinicaltrials.gov). Owing to its slow progression in most patients [8] , sensitive imaging techniques are important to detect an effect of OA treatment in clinical trials.
During the last decade, knee OA studies have proved that MRI has higher sensitivity and specificity to detect progression compared with conventional radiographs [9, 10] . The correlation between MRI and CR to detect cartilage loss in the knees is modest, suggesting that MRIdefined and radiographic progression do not always coexist [1113] . A possible explanation is the different radiographic and MRI protocols used. Furthermore, strengths of correlations have ranged from absent to moderate in different studies, which may be explained by different study populations, time frames for progression and specific compartments examined. Owing to the lack of longitudinal MRI studies in hand OA, no previous studies have compared the ability of MRI and CR to detect structural progression of hand OA.
Hence, the aims of the present study of patients with hand OA were as follows: to explore the frequency and degree of structural progression of hand OA as detected by 1.0 T MRI and CR; to evaluate the agreement and associations between MRI and CR to detect progression; and to explore the construct validity of progression by the two modalities by examining the associations to incident joint tenderness.
Methods

Patients
Participants of the Oslo hand OA cohort have attended three scheduled examinations. Individuals with a diagnosis of hand OA in the clinical record system given by a rheumatologist at the rheumatology outpatient clinic at Diakonhjemmet Hospital (Oslo, Norway) were recruited. In 200103, 209 individuals with hand OA completed questionnaires and underwent a clinical joint examination and CR. The same examinations were performed in 200809 (n = 128) and 2013 (n = 87). At examinations 2 and 3 (hereafter referred to as baseline and follow-up), the participants also underwent MRI of the dominant hand. For all three examinations, the Regional Ethical Committee approved the study, and all participants signed informed consent.
In the present analyses, we included all participants (n = 69) with available hand radiographs and T1-weighted 1.0 T MRI scans of the dominant hand in 200809 (baseline) and 2013 (follow-up). Patients included (n = 69) and not included (n = 140) in the present analyses did not differ in gender distribution (P = 0.89), mean age (P = 0.13) or mean amount of radiographic OA in 30 hand joints at the first examination in 200103 (P = 0.77).
MRI
MRI of the dominant hand was performed in 200809 (baseline) and at 5-year follow-up. The secondfifth DIP and PIP joints were imaged using an extremity 1.0 T MRI unit (ONI; GE Healthcare, Waukesha, WI, USA) and a cylindrical coil (diameter 10 cm). Coronal and sagittal T1-weighted fat-suppressed images [repetition time (TR) 20 ms, echo time (TE) 5 ms, 1 mm slice thickness] were used for evaluation of structural OA features. One reader (I.K.H.) scored the paired MRIs with known time sequence according to the OMERACT hand OA MRI score (HOAMRIS) for presence and severity of osteophytes (grades 03), cartilage space loss (grades 03) and erosive damage (grades 03) using the published atlas as a reference. A detailed description of the scoring system and its reliability in cross-sectional and longitudinal settings has been published [14, 15] . Osteophytes were assessed in both the coronal and the sagittal plane. However, the HOAMRIS atlas that was used as the reference contains examples of osteophytes in the coronal plane only, in contrast to the previously used Oslo hand OA MRI scoring system [2] . Hence, we used a more conservative approach than before when scoring osteophytes in the sagittal plane, especially in cases where the transition between extensor tendon and bone was unclear because of the low signal intensity of both structures. Owing to the inability to visualize the cartilage directly in the small finger joints, the HOAMRIS uses the term cartilage space loss, based on evaluation of the inter-bone distance. The term was chosen as a more accurate description of the construct rather than joint space narrowing (JSN). We will use the term JSN for both MRI and radiographs in order to avoid any confusion. JSN was scored based on the interbone distance without taking into account possible pseudowidening in erosive joints, which may lead to normal or even widened inter-bone distance in joints with severe damage and cartilage loss. Only erosions affecting the joint plate were recorded, as the validity of marginal erosions is unclear.
Paired MRI scans of 48 joints from seven patients were re-evaluated after 12 weeks. Kappa (k) values were calculated for each joint separately owing to dependency between joints, and median [interquartile (IQR)] k values across the eight assessed joints are presented. We found good intra-reader reliability for progression (yes/no) for combined overall progression . These values are in line with intra-reliability k values reported in studies on knee OA [16] . The MRIs were not anonymized, and reading was therefore performed blinded for clinical information except age and sex. The same reader performed the scoring of radiographs, but this information was unavailable during the scoring of MRIs. The reader had an interval of 6 months between scoring of radiographs and MRIs.
Radiographs
Bilateral hand radiographs (posteroanterior view) were obtained at all study visits, and data from 200809 (baseline) and 5-year follow-up were used in the present analyses. One reader (I.K.H.) scored the paired hand radiographs with known time sequence according to the Osteoarthritis Research Society International atlas for osteophytes (grades 03), JSN (grades 03) and erosions (absent/present) [17] . Definite osteophytes were scored as present, also in cases where the sizes of osteophytes were smaller than demonstrated in the reference atlas, increasing the sensitivity of the scoring system to detect osteophytes. Joints with erosions irrespective of the joint space were scored as JSN grade 23 (based on the amount of erosive damage), based on the assumption of cartilage damage in these joints.
After several months, the reader re-evaluated the paired radiographs of 48 joints from seven patients (same joints and patients as for MRI reliability exercise). The k (interquartile) values were calculated as described for MRI. We found moderate to good intra-reader reliability for progression (yes/no) for the combined overall progression . The radiographs were not anonymized, and reading was therefore performed blinded for clinical information except age and sex. The same reader performed the scoring of MRI scans, but this information was unavailable during the scoring of radiographs.
Definitions of progression MRI-defined and radiographic progression at the joint level was defined as an increase of one or more structural features, referred to as combined structural progression. JSN and erosions were evaluated as one combined feature (referred to as joint destruction) as erosions are likely to affect the joint space.
At the patient level, we determined the smallest detectable change (SDC) for the number of progressive joints. The SDC was calculated as 1.96 multiplied by the S.D. of the difference between first and second reading for the number of progressive joints from baseline to follow-up divided by the square root of 2. A progressor was defined as a person with two or more joints with progression. For MRI, the SDC values were 1.48 for overall progression and osteophyte proliferation and 1.35 for increasing joint destruction. Likewise, for radiographs, the SDC values were 2.65 for overall progression, 1.68 for osteophyte proliferation and 2.07 for increasing joint damage.
Statistical analyses
Based on the calculated SDC values, individuals with progression in at least two joints were considered as progressors at the patient level. We also repeated all analyses, focusing on osteophytes and joint destruction separately. The frequencies (n, %) of progressors by MRI and CR were compared in 2 Â 2 cross-tables. The agreement between MRI and CR to detect progressors was evaluated with k statistics. We also calculated the agreement between MRI and CR for the number of progressive joints (range 08) using the intraclass correlation coefficients (ICCs) with a mixed effects model with absolute agreement (single measures).
At the joint level, associations between MRI and CR to detect progression were explored using generalized estimating equations for binomial outcomes in order to account for eight joints within each person. Owing to small changes in most joints, we used a change of one grade or more as the cut-off. We used MRI-defined progression as the predictor variable and radiographic progression as the outcome. The aim of these analyses was mainly to explore whether progression by the two methods were significantly associated with each other. The choice of radiographic progression as the dependent variable does not indicate that conventional radiographs should be considered as a gold standard. An exchangeable correlation matrix was used, in which the assumption is based on equal correlations between joints. Crude odds ratios were reported in order to explore the relationship between the methods, and confounding factors were not considered as relevant in these analyses. The k values were not calculated at the joint level as the observations are not independent within individuals.
To evaluate the validity of the two modalities, we explored the associations between MRI-defined and radiographic structural progression and incident joint tenderness in joints with no tenderness at baseline. The analyses were performed with a generalized estimating equation for binomial outcomes with an exchangeable matrix. The analyses were adjusted for age and sex. Analyses were done with International Business Machines Corporation (IBM) Statistical Package for the Social Sciences (SPSS) Statistics (version 22). Values of P < 0.05 were considered statistically significant.
Results
Baseline characteristics are shown in Table 1 . The majority of the patients were elderly women. Most patients fulfilled the ACR criteria, and erosive hand OA was frequently present, indicating that the patients had advanced symptomatic hand OA. Most patients had OA features in most DIP and PIP joints. However, as end-stage disease occurred in a small proportion of joints, there was still potential for disease progression.
Comparison of structural progression by MRI and CR
The number of progressors was similar between MRI and CR for combined structural progression, osteophyte proliferation and increasing joint destruction (Table 2) . Using the combined structural progression outcome, 35 (50.7%) patients demonstrated progression by both imaging modalities, whereas 21 (30.4%) patients showed no progression by both methods. A discrepancy between methods was found in 13 (18.8%) patients, of whom 5 and 8 patients were classified as MRI progressors only and radiographic progressors only, respectively. Among the five patients with MRI progression only, the amount of progression was small (n = 2 progressive joints in all five patients), and four of five patients demonstrated radiographic progression in one joint (which was below the cut-off of two or more). Likewise, among the eight patients with radiographic progression only (range: 25 progressive joints), five of eight patients demonstrated MRIdefined progression in one joint. Similar patterns were found when exploring osteophytes and joint destruction separately ( Table 3 ). The agreement between methods to detect progressors ranged from moderate for osteophyte proliferation (k = 0.43) and increasing joint destruction (k = 0.53) to good for combined structural progression (k = 0.61) [18] . There was good agreement between MRI and CR regarding the number of joints with combined structural progression, with an ICC of 0.61 (95% CI: 0.43, 0.76). Looking at progression of individual joint features, the agreement between MRI and CR was slightly higher for joint destruction compared with osteophyte proliferation, with ICC values of 0.64 (95% CI: 0.47, 0.76) and 0.49 (95% CI: 0.28, 0.65), respectively.
At the joint level, we found statistically significant associations between radiographic and MRI-defined progression. The strongest association was observed for joint damage (Table 4) . Despite strong associations, the agreement between the two modalities was moderate. Although both methods demonstrated progression in 79 (14.4%) joints, progression was found by MRI only and CR only in 52 (9.5%) and 65 (11.8%) joints, respectively. In comparison with CR, MRI considered fewer joints as endstage at baseline, with no potential for progression by any features (32 vs 9 joints). When we excluded joints with no potential of progression from the analyses, the proportions of joints with progression remained similar (data not shown).
Associations between structural progression and incident joint tenderness
In total, 313 non-tender joints at baseline were included in the analyses. Incident joint tenderness was more common in joints with structural progression shown by MRI and CR compared with joints with no progression. There was a tendency that structural progression was associated with incident tenderness, but the associations did not reach statistically significance for either MRI or CR ( Table 5 ). The associations remained unchanged when joints with no potential of progression were excluded from the analyses (data not shown).
Discussion
In the present study, MRI and CR detected a similar frequency of progressors (defined as patients with at least two progressive joints). MRI and CR classified the patients in the same category (non-progressor vs progressor) in most cases (81.2%), and good agreement was found for detection of progressors as well as the amount of progression per patient. The validity of progression was examined by exploring the associations between structural progression and incident joint tenderness. A trend was observed for both methods, suggesting equally good validity of both CR and MRI-defined progression. Progressors were defined as individuals with at least two joints showing progression of combined structural progression, osteophyte progression or increasing joint destruction. The eight assessed joints included the secondfifth DIP and PIP joints of the dominant hand. b Combined structural progression was defined as an increase of osteophytes, joint space narrowing and/or erosions. The eight assessed joints included the secondfifth DIP and PIP joints of the dominant hand. In total, 549 joints from 69 patients were included in the analyses (three joints missing).
b
Combined structural progression was defined as an increase of osteophytes, joint space narrowing and/or erosions. Owing to the slow progression of OA, changes over 5 years are not present or small in most joints. The changes are therefore difficult to assess reliably. In the present study, the intra-reader reliability was assessed for both MRI and CR, showing moderate to good k values for progression of the individual features. Hence, better agreement could be expected in studies with a longer follow-up time with larger changes and higher intra-reader reliability of change scores. In the reliability exercise for CR, the second reading was performed after several months. In the first round, the reader was clearly more conservative than in the second round, and small changes within the grade were not recorded as progression. Hence, we have most probably underestimated the degree of radiographic progression in our cohort.
The present longitudinal results contrast with our previous cross-sectional analyses of the same cohort, in which MRI detected around twice as many joints with osteophytes and erosive damage compared with CR [3] . With longitudinal images, both radiographs and MRI scans were re-evaluated by the same reader. The high sensitivity of MRI to detect osteophytes and progression can in large degree be explained by the scoring systems that were used. The longitudinal MRIs were scored according to the HOAMRIS [14] , as opposed to the Oslo hand OA MRI scoring system that was used for the cross-sectional readings [2] . There are obvious similarities between the scoring systems, but HOAMRIS is in general considered as an improved version with greater feasibility. According to both scoring systems, grade 1 requires only one small osteophyte. As opposed to the Oslo hand OA MRI scoring system, the HOAMRIS includes example images of osteophytes in the coronal plane only, and we therefore chose to use a more conservative approach for the scoring of MRI-defined osteophytes, especially in the sagittal planes. We may therefore have missed small osteophytes located at the attachment site of the extensor tendons. Importantly, a more liberal scoring of radiographic osteophytes was used in the longitudinal readings, compared with our previous cross-sectional readings. The Osteoarthritis Research Society International atlas, which was used as the reference for both readings, contains only two examples of obvious grade 1 osteophytes in the IP joints [17] . Using the size of these osteophytes as the cut-off may underestimate the number of radiographic osteophytes. In the longitudinal readings for the present study, we therefore also interpreted smaller osteophytes as present, if they represented definite protrusions. Our results in the present study are in line with the crosssectional study on patients with erosive hand OA by Ramonda et al. [19] , which did not find any increased sensitivity of 1.5 T MRI (using the Oslo hand OA MRI scoring system) to detect structural abnormalities compared with CR. Importantly, the authors also used the Oslo hand OA MRI scoring system for the evaluation of radiographic findings in order to harmonize the readings.
In the present study, we chose to evaluate MRIdefined erosive damage affecting the joint plate only, leading to a lower number of erosive joints compared with our previous evaluation [3] . Omitting marginal erosions from the assessment of erosive damage may have affected the sensitivity of MRI to detect progression. However, the validity of marginal erosions has not been confirmed by gold standards, such as CT or histology. We acknowledge the potentially high sensitivity of MRI to detect these lesions, but still recognize the difficulty to distinguish marginal erosions from cystic lesions owing to suboptimal resolution of the 1.0 T MRI scans. Hence, to increase the specificity and decrease the risk of falsepositive erosive lesions, we did not assess marginal erosions in the present study and may therefore have underestimated the number of erosive lesions. We suggest that future studies should use sequences with better contrast between bone and soft tissues as well as increasing the field strength to increase the resolution for more precise evaluation of osteophytes and erosive lesions, respectively. JSN and erosive damage were combined into one single score (joint destruction). It was not possible to compare JSN by MRI and CR owing to different approaches when scoring the joints. Erosive lesions often occur in joints with JSN, but may also lead to increasing joint space width. Owing to the risk of pseudo-widening of the joint space in erosive joints [20] , we decided to score all joints with severe erosive damage with radiographic JSN grades 23 (depending on the degree of damage) based on an assumption of cartilage damage in these joints. MRI has the possibility to visualize the cartilage directly in larger joints. Using a 1.0 T MRI scanner on the small IP joints, it was not possible to judge the cartilage itself. JSN was scored independently of erosive damage, meaning that the joint space could be scored as normal or mildly affected in joints with severe erosions. Whether the cartilage itself can be assessed reliably by MRI in the IP joints should be explored in future studies using cartilage-specific sequences.
In the present study, we focused on osteophytes, JSN and erosions only, whereas malalignment and cysts were not scored. This decision was based on the lower reliability related to scoring of these outcomes in our previous study [21] and the fact that these outcomes are less likely to serve as outcomes in clinical trials.
No previous studies have explored the longitudinal associations between structural changes by MRI and joint tenderness. In cross-sectional analyses of patients in the same cohort, we found that MRI-defined erosive damage was associated with tenderness after adjusting for cooccurrence of other OA features [22] . Looking at changes of MRI-defined synovitis and bone marrow lesions, we have shown significant associations with joint tenderness [23] . In the present study, we found a trend that both MRIdefined progression and radiographic progression was associated with incident joint tenderness, but the associations were not statistically significant. These results are in line with our previous findings in a larger sample of this cohort showing that radiographic structural progression, and especially incident erosions, is associated with incident tenderness [21] . Hence, we believe that the observed non-significant associations are related to limited power.
A limitation of the present study is the long follow-up of 5 years, whereas most randomized controlled trials will have length of 612 months. CR will assess more joints than MRI at a lower cost. Therefore, we suggest that CR is the imaging modality of choice rather than 1.0 T MRI in observational studies with long follow-up. Future studies should compare disease progression by CR and MRI with a higher field strength and shorter follow-up time in order to determine which method is most useful in clinical trials.
